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.2012.11.Abstract In this investigation, the Warren and Root model proposed for the simulation of natu-
rally fractured reservoir was improved. A reservoir simulation approach was used to develop a 2D
model of a synthetic oil reservoir. Main rock properties of each gridblock were deﬁned for two dif-
ferent types of gridblocks called matrix and fracture gridblocks. These two gridblocks were different
in porosity and permeability values which were higher for fracture gridblocks compared to the
matrix gridblocks. This model was solved using the implicit ﬁnite difference method. Results
showed an improvement in the Warren and Root model especially in region 2 of the semilog plot
of pressure drop versus time, which indicated a linear transition zone with no inﬂection point as
predicted by other investigators. Effects of fracture spacing, fracture permeability, fracture poros-
ity, matrix permeability and matrix porosity on the behavior of a typical naturally fractured reser-
voir were also presented.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Naturally fractured reservoirs (NFRs) have been studied inten-
sively for several decades in the geologic and engineering ﬁelds
and recently, two new approaches have been proposed to ad-
dress the problem of transient pressure testing in naturally
fractured reservoirs: using fractals to describe the reservoir7757608.
il.com (H. Mohammadi).
gyptian Petroleum Research
g by Elsevier
esearch Institute. Production and
002geometry, and using numerical simulation to model ﬂuid ﬂow
in a fracture network embedded in a matrix [8].
Based on the theory of ﬂuid ﬂow in naturally fractured por-
ous media developed in the 1960s by Barenblatt and Zheltov
[1], Warren and Root [17] introduced the concept of dual-
porosity models into petroleum reservoir engineering. Their
idealized model consisting of a highly interconnected set of
fractures, which is supplied by ﬂuids from numerous small ma-
trix blocks, is shown in Fig. 1.
Whereas the matrix permeability is much smaller than the
fracture permeability, the fracture porosity of a particular class
of NFRs seldom exceeds 1.5% or 2%, and usually falls below
1% [12]. The high permeability of a fracture results in a high
diffusivity of the pressure propagation pulse along the frac-
ture; however, due to a signiﬁcant contrast between matrixhosting by Elsevier B.V.Open access under CC BY-NC-ND license.
Nomenclature
A gridblock cross sectional area
a cubic matrix gridblock side
B0 oil formation volume factor
b fracture spacing
Ci;j gridblock cell coefﬁcient
co oil compressibility factor
ct total compressibility factor
Ei;j east direction coefﬁcient of gridblock
kf fracture gridblock permeability
km matrix gridblock permeability
Ni;j north direction coefﬁcient of gridblock
n network gridblock number in x or y direction
P drawdown pressure
Pi initial reservoir pressure
Qsc ﬂow rate of producing gridblock at standard con-
dition
Si;j south direction coefﬁcient of gridblock
Tff transmissibility between two fracture gridblocks
Tfm transmissibility between fracture and matrix grid-
blocks
t drawdown time
Vb gridblock bulk volume
Wi;j west direction coefﬁcient of gridblock
ac volume conversion factor
bc transmissibility conversion factor
Dt drawdown time increment
Dx length increment in x direction
Dy length increment in y direction
k interporosity ﬂow coefﬁcient
l0 oil viscosity
Øf fracture gridblock porosity
Øm matrix gridblock porosity
x fracture storativity
Subscripts
b bulk
c conversion
o oil
f fracture
m matrix
sc standard condition
t total
x refers to x direction
y refers to y direction
126 H. Mohammadi et al.and fracture permeabilities, the matrix has a ‘‘delayed’’ response
to pressure changes that occur in the surrounding fractures.
In theory, the double-porosity behavior yields two parallel
straight lines on a semilog plot, whereas there are neither well-
bore nor outer boundary effects. The semilog plot consists of
three sections: (i) the ﬁrst straight line, which represents the
homogeneous behavior of the naturally fractured medium be-
fore the matrix medium starts to respond (transient radial ﬂow),
(ii) a transition section (between two straight lines), which corre-
sponds to the onset of interporosity ﬂow; and (iii) the second
semilog straight line, which represents the homogeneous behav-
ior of composite media (fracture permeability with the sum of
matrix and fracture storages) when recharge from the matrix
medium is fully established. Also a fourth region may exist in
the semilog plot of a typical NFR as shown in this work which
is called the reservoir boundary effect.
The nature of matrix and fracture interaction is manifested
during this transitional period of matrix-to-fracture ﬂuid
transfer by Streltsova [16]. The important features of the most
common models are listed in Table 1.Figure 1 Warren and Root’s ideAt ﬁrst a pseudo-steady state interporosity ﬂow con-
cept was proposed by Barenblatt and Zheltov [1] and in subse-
quent studies [17,10,5,7]. Various extensions of the model
have been made by assuming transient interporosity ﬂow
[4,9,13,16,6,3,11].
To model fracture–matrix interaction, researchers have
developed and applied many different conceptual models and
modeling approaches as summarized by Berkowitz [2].
Commonly used mathematical methods include: (1) an explicit
discrete-fracture and matrix model (e.g. [14,15], (2) the
dual-continuum method, including double and multi-porosity,
dual-permeability, or the more general multiple interacting
continuum method (e.g. [1,5,11,17,19], and (3) the effective-
continuum method (e.g. [18].
Among the most common models, Warren and Root [17]
model is known as the pseudo-steady state model, since the
matrix–fracture transfer term is expressed using a tank-
type formulation. Streltsova’s model (1983) is known as the
pressure gradient model, since, according to her assumption,
the matrix–fracture ﬂow rate is controlled by the averagealization of NFRs (after [17]).
Table 1 Important features of some mathematical models describing ﬂow from matrix to fracture.
Warren and Root [17]
Analytical model
Pseudo-steady state model
Matrix ﬂux is independent of spatial position and is proportional to the pressure difference between matrix and fracture
Simplifying the mathematical analysis of the ﬂow problem
S-shaped transitional curve with an inﬂection point
The separation of the two parallel lines allows calculation of the storativity ratio
Kazemi [5]
Numerical model
Unsteady state model
Linear transitional curve with no inﬂection point
de Swaan [4]
Analytical model
Unsteady state model
A convolution theorem gives the relationship between the source term and the pressure in the fracture medium
Linear transitional curve with no inﬂection point
Najurieta [9]
Analytical model
Unsteady state model
Approximate solution to de Swaan model
Only applicable to transient period (no boundary dominated period)
Linear transitional curve with no inﬂection point
Streltsova [16]
Analytical model
Pressure gradient model
Matrix ﬂux is proportional to the averaged pressure gradient throughout the matrix block
Linear transitional curve with no inﬂection point
Figure 2 Pressure drawdown according to the model by Warren
and Root (after [5]).
A reservoir simulation approach for modeling of naturally fractured reservoirs 127pressure gradient in the matrix. The unsteady state models are
developed by Kazemi [5], deSwaan [4], and Najurieta [9]
models, where matrix-to-fracture ﬂow is described by an
unsteady state ﬂow equation.
Considering the Warren and Root [17] model, the general
assumptions in the well test analysis of NFRs are: (i) pseu-
do-steady state matrix ﬂow the assumption that has been elim-
inated in this work by development of a numerical simulation
model; (ii) the matrix consists of a set of porous rock systems
that are not connected to each other, have a low transmissibil-
ity, and high storage capacity; (iii) the fracture system has low
storage capacity, high transmissibility, and it interconnects the
porous media; and (iv) the matrix supplies the ﬂuids to the
fractures, and the fractures transport the ﬂuids to the well
(i.e., the matrix does not provide ﬂuid directly to the well).
2. Modeling
From the study of different models proposed for describing the
ﬂow from matrix to fracture it is concluded that although the
Warren and Root model has good capabilities to predict the
behavior of a NFR, it has several disadvantages: (i) it is a pseu-
do-steady state model, the assumption that was used by the
investigators to solve the obtained partially differential equa-
tion. (ii) Unlike other models proposed for NFRs as described
in Table 1, the Warren and Root model has an S-shaped tran-
sitional curve with an inﬂection point, while existence of an
S-shaped transition curve with an inﬂection point has not been
reported by other investigators. This problem is mainly the re-
sult of replacement of the Bessel function obtained in the La-
place transform of the original PDE by a logarithmic
approximation, since inversion of the Laplace transform of
the original PDE could not be obtained by analytical methods.(iii) As shown in Fig. 2, the Warren and Root model under
predicts the length of transition section (between two straight
lines), which is the result of assumptions used in this model.
In this work, authors used a numerical approach to modify
the Warren and Root model. As it could be seen, the developed
numerical method improves the results obtained by an analyt-
ical solution to the Warren and Root model especially in re-
gion 2. Developed computer program can simulate any test
like, for example, conventional drawdown and buildup tests,
Figure 3 A typical 2D model of a NFR with 25 matrix gridblocks surrounded by fracture gridblocks.
Figure 4 Naming convention for the matrix coefﬁcients S, W, C,
E and N.
Figure 5 Schematic representation of the matrix equation
generated by the 2D, slightly-compressible ﬂow equation for a
NFR.
128 H. Mohammadi et al.injection test, interference test, and falloff test for a conven-
tional reservoir or a NFR.
2.1. Methodology
Fig. 3 shows a typical 2D model of a NFR which is used in this
work, with 25 matrix gridblocks surrounded by fracture
gridblocks.
In this work, a model similar to the model of conventional
reservoirs is used. But a series of modiﬁcations have been made
to convert the model of conventional reservoirs to the model of
NFRs: (i) two different types of gridblocks called matrix and
fracture gridblocks are used as shown in Fig. 3. (ii) These
two types of gridblocks differ in porosity and permeability
which is higher for fracture gridblocks compared to matrix
gridblocks. (iii) Cross ﬂow between gridblocks is deﬁned using
a transmissibility term. As it can be seen in Fig. 3, the size of
network is controlled by the parameters, (i) a, side of cubic ma-
trix gridblock, (ii) b, fracture spacing, (iii) n, number of matrix
gridblocks in x or y direction.
2.2. Implicit ﬁnite difference formulation
Eq. (1) represents the diffusivity equation for a conventional
reservoir in a two-dimensional (2D) directional model,
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Values of bc and ac in the above equation, which are trans-
missibility conversion factor and volume conversion factor,
respectively are given in Table 2.
Implicit ﬁnite difference formulation of Eq. (1) is as follows,
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where transmissibility (T) is deﬁned as,Table 2 Values of bc and ac parameters.
Parameter Field unit Metric unit
bc 1.127 86.4 · 104
ac 5.614583 1Tx
i1
2
;j
¼ bc
Axkx
lBDx
 
i12;j
ð3Þ
Ty
i;j1
2
¼ bc
Ayky
lBDy
 
i;j12
ð4Þ
In the model used in this work, there are two types of ﬂow
which are, (i) ﬂow between a fracture gridblock and a matrix
gridblock, (ii) ﬂow between two fracture gridblocks. In the case
of ﬂow between a fracture gridblock and a matrix gridblock,
the values of cross sectional area (A), permeability (k) and
Dx are different, so average values are used in calculation.
For Eqs. (3) and (4) the average values are calculated as
follows,
Table 3 Data used in different runs of developed computer
program for simulation of drawdown test in a NFR.
Parameter Base Case Sensitivity Study
n · n 51 · 51 11 · 11–71 · 71
a (ft) 100 10–300
b (ft) 1 0.1–10
/m 0.1 0.01–0.2
/m 1 0.1–1
km (md) 10
3 103–100
kf (md) 500 100–10
5
Bo (bbl/stb) 1.2 1–2
lo (cp) 1 0.1–10
Qsc (stb/day) 10 1–100
Pi (psi) 3000 –
co (psi
1) 105 105–102
Dt (day) 0.1 0.001–1
t (day) 30 –
Figure 7 Pressure distribution in x–y plane in a typical 2D
model of a conventional reservoir. As it can be seen in a
conventional reservoir pressure distribution is smooth.
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in which Tfm is the transmissibility between fracture and
matrix gridblocks in x or y direction.
Two similar equations to (5) and (6) i.e. Eqs. (7) and (8)
could be obtained for the case of transmissibility between
two fracture gridblocks,
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in which Tff is the transmissibility between two fracture
gridblocks.
2.3. Numerical solution
For numerical solution of this model and evaluation of pres-
sure distribution, Eq. (2) must be solved. This equation could
be converted to the following form,Figure 6 Pressure response versus time in aSi;jP
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Figure 8 Pressure response versus time in a semilog plot for a NFR. Four different regions can be distinguished. Region 2 is a linear
transition curve without any inﬂection point.
Figure 9 Pressure distribution in x–y plane in a typical 2D
model of a NFR. In spite of a conventional reservoir, in a NFR
pressure distribution is rough around the well and is smooth away
from the wellbore.
130 H. Mohammadi et al.We can now discuss the naming convention used for the
coefﬁcients in Eq. (9) and is shown in Fig. 4 which shows a typ-
ical gridblock in a 2D grid. For the orientation shown in this
ﬁgure, the coefﬁcients S, W, E, and N refer to the directions
south, west, east, and north, respectively; the coefﬁcient, C, re-
fers to the grid cell itself (center).
Fig. 5 shows the matrix equation that results when Eq. (2) is
written for each gridblock in the system.
3. Simulation results and discussion
A computer program has been developed to solve the de-
scribed model. The main data used in different runs of devel-
oped computer program are presented in Table 3 as follows.By setting fracture parameters equal to the matrix parame-
ters, the model of NFR is converted to the model of a conven-
tional single porosity and single permeability reservoir. Figs. 6
and 7 show pressure response versus time in a plot and pres-
sure distribution in the x–y plane in a typical 2D model of a
conventional reservoir. As it can be seen in Fig. 6, two differ-
ent regions in this plot can be determined. Region 1 in which,
ﬂow is through matrix gridblocks in a transient ﬂow regime
shows a straight line in semilog plot. In region 2 the pressure
disturbance has been reached to the boundary and it deviates
from the semilog straight line. Also it should be noted that
for a real conventional reservoir, before region 1 there is an-
other deviation from the straight line due to the wellbore stor-
age effect, but since this model is in 2D this region does not
appear.
In Fig. 7, pressure distribution in the x–y plane of a 2D
conventional reservoir is shown, where the producing block
is considered in the center of model. As it could be seen in this
ﬁgure, pressure distribution in a conventional reservoir is
smooth.
There are two regions called regions 1 and 2. In region 1 the
ﬂow regime is transient and in region 2 the ﬂow regime is a
pseudo-steady state.
Following is the discussion on simulation results for a typ-
ical NFR. It can be seen in Fig. 8, in a semilog plot of pressure
versus time for a typical NFR, four different regions can be
distinguished: (i) region 1, which is the ﬁrst straight line and
it represents the homogeneous behavior of the naturally frac-
tured medium before the matrix medium starts to respond
(transient radial ﬂow). The slope of this line gives the fracture
permeability; (ii) a transition section (between two straight
lines), which corresponds to the onset of interporosity ﬂow.
It should be noted that in this work the transition curve is lin-
ear without any inﬂection point as predicted by some investi-
gators [5,4,9,16]; (iii) the second semilog straight line, which
represents the homogeneous behavior of composite media
(fracture permeability with the sum of matrix and fracture sto-
rages) when recharge from the matrix medium is fully estab-
lished; (iv) the fourth region which may exist in the semilog
plot of a typical NFR showing a deﬂection from the second
Figure 10 Effect of fracture spacing on semilog plot of a NFR. Fracture spacing is more important for region 2 which results in more
pressure drop and an increase in the length of transition zone.
Figure 11 Effect of fracture porosity on semilog plot of a NFR. Fracture porosity is more important for region 4. In this region a large
volume of fractures contributes to ﬂow, which causes less pressure drop.
Figure 12 Effect of fracture permeability on semilog plot of a NFR. Fracture permeability is more important for region 2 due to the
onset of interporosity ﬂow which results in a less pressure drop and a decrease in the length of transition zone.
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132 H. Mohammadi et al.semilog straight line which is called the reservoir boundary
effect.
Fig. 9 represents the pressure distribution in the 2D model
of a NFR. Here, the matrix gridblock is considered very tight
with low porosity and permeability. In despite of matrix grid-
block, fracture gridblock has high porosity and permeability.
The result of these contrasts is a dual porosity and permeabil-
ity medium.
As it can be seen in Fig. 9 in a NFR, pressure distribution is
rough around the well and is smooth away from the wellbore.
This behavior is the result of a great contrast in the matrix and
fracture gridblock’s porosity and permeability which causes to
ﬂow be mainly from the fracture gridblocks and consequently
matrix gridblocks have a less contribution to ﬂow especially in
regions 1 and 2.
A parametric study is done in this work to investigate the
effect of matrix and fracture gridblocks on the semilog plot
of a typical NFR. Table 3 represents the main parameters
which are subjected to this study. Among these parameters
matrix and fracture parameters which are more important will
be discussed.Figure 13 Effect of matrix porosity on semilog plot of a NFR. Matrix
a large volume of matrix gridblocks in ﬂow. It is less important for re
Figure 14 Effect of matrix permeability on semilog plot of a NFR.
which ﬂow is only through fractures.Fig. 10 shows the effect of fracture spacing on semilog plot.
As it can be seen, the size of fracture spacing is more impor-
tant for region 2 which is a transition zone. It is due to the on-
set of interporosity ﬂow that occurs in this region. More
fracture spacing results in a more pressure drop and an in-
crease in the length of transition zone.
Figs. 11 and 12 represent the effect of fracture porosity and
permeability on the semilog plot of a typical NFR. Fracture
porosity is more important for region 4 since the volume of
fractures is less compared to the volume of matrix gridblocks
and in this region where a large volume of fractures contribute
to ﬂow, it causes a less pressure drop.
According to Fig. 12, fracture permeability in all regions
except region 1 is important and it is more important for re-
gion 2 due to onset of interporosity ﬂow. An increase in kf re-
sults in less pressure drop and a decrease in the length of
transition zone. Also at high values of kf, the effect of increase
in kf on the behavior of a NFR decreases.
After the investigation of fracture parameters, the focus is
on the effect of matrix parameters on the behavior of a typical
NFR. Fig. 13 represents the effect of matrix porosity on theporosity is more important for region 4 due to the contribution of
gion 2 in which there is an onset of interporosity ﬂow.
Matrix permeability is important for all regions except region 1 in
A reservoir simulation approach for modeling of naturally fractured reservoirs 133behavior of a typical NFR. As it can be seen, matrix porosity
affects the behavior of a NFR in all regions except region 2 in
which there is onset of interporosity ﬂow. Also for region 4 its
effect is more due to the contribution of a large volume of ma-
trix gridblocks in ﬂow.
The effect of matrix permeability on the behavior of a typ-
ical NFR is illustrated in Fig. 14. Matrix permeability is
important for all regions and is less important for region 1
in which ﬂow is only through fractures. In region 2 its effect
is more due to the effect of interporosity ﬂow. Also according
to Figs. 13 and 14, in a typical NFR more matrix porosity and
permeability causes less pressure drop and a decrease in the
length of transition zone.4. Conclusion
A mathematical model similar to the model of conventional
reservoirs was presented for simulation of a slightly compress-
ible ﬂow in a typical NFR based on Warren and Root model.
Well testing was drawdown whereas the computer program is
capable to simulate any other tests. To convert the model of
conventional reservoirs to the model of NFRs, two types of
gridblocks called matrix and fracture gridblocks were deﬁned
which differ in porosity and permeability. Then two types of
transmissibility terms were deﬁned between matrix and frac-
ture gridblocks to model a NFR. Two drawdown simulations
were done for a conventional reservoir and a NFR. In the case
of NFR, in spite of the Warren and Root analytical solution,
results of this work show a linear transition curve without any
inﬂection point as reported by other investigators. In the semi-
log plot of a NFR, at most four regions can be distinguished.
A comprehensive parametric study on matrix and fracture was
done to investigate the inﬂuence of these parameters in four re-
gions. Region 1 is mainly affected by matrix parameters, i.e.,
matrix porosity and permeability and can be inﬂuenced by
fracture spacing and permeability. Behavior of this region is
independent of fracture porosity. Except the matrix and frac-
ture porosity, other parameters inﬂuence the pressure drop
in region 2 and change its length. Region 3 is inﬂuenced byall the matrix and fracture parameters especially by permeabil-
ity values. In region 4, matrix parameters are more important
and fracture spacing inﬂuence is negligible.
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